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Abstract  
The hydrogenation of carbon dioxide over the catalyst comprised of Fe and Cu (Fe-Cu catalyst) was studied at 523-673 K under 
5 MPa using a flow-type fixed-bed reactor. The main products were carbon monoxide, hydrocarbons, and alcohols. The 
hydrocarbon products were followed by the Schulz-Flory-Anderson distribution law. The effect of the metal additives (Li, Na, K, 
Cs, Ca, and La) to the Fe-Cu catalyst was also examined. The additives significantly affected the ratio of light alkenes. The 
cesium-promoted Fe-Cu catalyst gave high alkene ratios in the C2 and C3 products compared with other alkali metal-promoted 
Fe-Cu catalysts. According to the XPS analysis, the binding energy of Fe(2p3/2) for the catalysts after the reaction was rather 
close to that for FeO although Fe3O4 was found in the XRD analysis. The carbonate species were found on the catalyst surface, 
suggesting the presence of the basic sites. The clear relationship was revealed between the basicity of the additives and the alkene 
content in the product. 
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1. Introduction 
The utilization of carbon dioxide as carbon resource is one of the current research topics from the view point of 
environmental issues. The catalytic hydrogenation of carbon dioxide to hydrocarbons has been widely investigated 
so far and a variety of catalyst systems are reported [1-3]. The Fischer-Tropsch (F-T) reaction, using iron-based 
catalysts, is one of the most popular methods to obtain hydrocarbons from carbon dioxide and hydrogen. However, 
this reaction has a decisive limitation that the hydrocarbons are formed by the Schulz-Flory-Anderson distribution 
law [4], because carbon monoxide is formed in the reverse water gas shift reaction and further hydrogenated to 
hydrocarbons [5]. This means that it is quite difficult to obtain the desired product with high selectivity in F-T 
reaction. 
Many researchers have been focusing on the development of the efficient catalysts for the F-T reaction that can 
produce higher (C5+) hydrocarbons because C5+ hydrocarbons are good energy carriers of hydrogen which can be 
generated by renewable energy technologies. It is reported that the surface basicity plays an important roll to 
suppress the methane selectivity in the F-T reaction, while the detail reaction mechanism is still unclear [6]. 
On the other hand, light alkenes, such as ethene (C2=) and propene (C3=), are important raw materials for 
industries. The production of light alkenes using non-supported iron catalysts was reported and the effect of 
potassium and boron as promoter was discussed [7]. In the previous work, we reported a novel composite catalyst 
composed of methanol synthesis catalyst and HY zeolite that can produce C2= and C3= with high selectivity at 673 K 
[8]. However, the total yield of alkenes is insufficient for the practical use. 
In this paper, I wish to describe the hydrogenation of carbon dioxide over the catalyst composed of iron and 
copper (Fe-Cu catalyst) that efficiently produces C2= and C3= at 623 K. The effect of a variety of additives to the Fe-
Cu catalyst was examined on the alkene production. From the results of the catalytic reaction, the key factor that 
may govern the alkene production in the reaction is proposed. 
2.  Experimental 
2.1. Preparation of catalysts 
The Fe-Cu catalyst, containing 95 mol% of iron and 5 mol% of copper, was prepared by coprecipitation from an 
aqueous mixture of Fe(NO3)3·6H2O (Kishida Chemical Co., Ltd., Japan) and Cu(NO3)2·3H2O (Kanto Chemical Co., 
Inc., Japan) (the concentration of the total metals was 1 M) by addition of 1 M aqueous solution of KOH (Kanto 
Chemical Co., Inc., Japan), with vigorous stirring at the solution temperature of 343 K. The pH value of the 
resulting mixture was 8.0. The suspension was aged for 16 h under stirring, and was then washed with distilled 
water. The coprecipitate was dried in air at 393 K for 16 h, and finally calcined in air at 673 K for 3.5 h. The 
obtained solid was ground into fine granules (100-400 mesh). 
The metal nitrates used as the additives were of the highest available purity and used without further purification. 
The impregnated Fe-Cu catalysts, denoted as Fe-Cu-M (M = Li, Na, K, Cs, Ca, and La), were prepared with an 
aqueous nitrate or carbonate solution of corresponding metal source in amount of 0.7 wt% to the catalyst. The 
impregnated samples were dried in air at 393 K by gradual rolling, then calcined at 673 K for 3.5 h. The supported 
catalyst was prepared by coprecipitation from the suspension of metal solution and support, followed by the same 
procedures as those for Fe-Cu catalyst. 
2.2. Activity test 
A conventional fixed-bed reactor was used for the catalytic hydrogenation of carbon dioxide as shown in Figure 1. 
The reactor was made of stainless steel tube whose inner diameter was 10 mm. As for a typical experiment, one 
gram of the catalyst was packed in the reactor, and was treated with diluted hydrogen (1 % H2 in N2) to activate the 
catalyst at 523 K for 15 h. After the activation, a reactant gas mixture (25 % CO2 in H2) was introduced to the 
reactor (total flow rate, 3.0 dm3 h-1 in S.T.P.). A back-pressure valve was used to keep the reaction pressure (5 MPa). 
The reaction temperature was precisely adjusted with a PID control system. The effluent gas was taken out 
periodically by an auto-sampler and was analyzed with gas chromatographs (Porapak Q for carbon dioxide, MS-13X 
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Fig. 1. Flow-type fixed bed reactor 
 
 
for methane and carbon monoxide, PLOT (Fused Silica, Al2O3/KCl) for hydrocarbons, and PEG-
6000(15%)+TCEP(8%) supported on Chromosorb WAW(60/80 mesh) for the oxygenated products. 
2.3. Characterization of catalysts 
The BET surface areas were measured with a Quantasorb Jr. (Shimadzu Corp., Japan) using the Kr physisorption 
at 77 K. The X-ray diffraction (XRD) were obtained by using a Rigaku X-ray diffractometer with Cu KD radiation. 
The surface analysis by X-ray photoelectron spectroscopy (XPS) was carried out with an ESCA-3200 (Shimadzu 
Corp., Japan) using Mg radiation (8 kV, 30 mA). The spectrum was recorded after Ar+ etching for 0.5 min (2 kV, 25 
mA). The binding energy for each element was corrected with that for C(1s) (284.6 eV) as shown in the literature 
[9]. 
3. Results and discussion 
3.1. Catalytic activity of Fe-Cu catalysts 
The Fe-Cu catalyst was applied for the hydrogenation of carbon dioxide. As seen in Table 1, the products 
obtained by the reaction were carbon monoxide, hydrocarbons, and the oxygenates. Alcohols are the main 
components of the oxygenates. Only negligible amount of dimethyl ether was detected. Increasing temperature 
raised the conversion of carbon dioxide. Carbon monoxide, which is formed in the reverse water gas shift reaction, is 
believed as an intermediate during the hydrogenation of carbon dioxide, and is further hydrogenated to hydrocarbons 
[5]. The equilibrium conversion of carbon dioxide to carbon monoxide at 673 K under 5 MPa is ca. 46%, then the 
reaction may reach to the equilibrium under the reaction conditions. 
The reaction mechanism of the hydrogenation of carbon dioxide is similar to that of the F-T reaction, the fraction 
of the higher (C5+) hydrocarbons increased at the high conversion of carbon dioxide. To achieve the high selectivity 
to light alkenes, the reaction temperature was set at 623 K for the further experiments. 
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   Table 1. Catalytic activity of the Fe-Cu catalyst. 
   ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
   Temp     CO2  Yield (C-mol%) 
     (K)     conv.  –––––––––––––––––––––––––––––––– 
         (%)  CO C1-C4 C5+ Alc. 
   ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
     523         5.8  1.9   2.6   0.53 0.78 
     573       22  5.6 11   3.2 2.4 
     623       35  6.1 18   7.7 2.9 
     673       48  7.3 23 16 2.2 
   ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
   Conditions: Fe/Cu=95/5 in atomic ratio. 5 MPa. 1 h time-on-stream. 
 
 
The catalytic performance of the Fe-Cu-M (M = Li, Na, K, Cs, Ca, and La) catalysts was also examined. As seen 
in Table 2, the addition of alkali metals except Li significantly increased the conversion of carbon dioxide. The 
yields of C5+ hydrocarbons and alcohols were also higher than those obtained with other additives. 
Table 2 also shows the alkene ratio in the C2 and C3 products. Cesium was the most effective additive among the 
alkali metals to obtain alkenes. It is noteworthy that the addition of Li, Ca, or La almost did not affect the product 
distribution while the production of alcohols was suppressed. These additives might selectively deactivate the site 
for alcohol production since the active phase for alcohol formation is thought to be different from that for 
hydrocarbons [10] 
 
 
  Table 2. Catalytic hydrogenation of carbon dioxide over the Fe-Cu-M catalyst. 
  ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
   CO2    Product distribution (C-mol%)  Alkane and alkene yield (C-mol%) 
     M conv.    –––––––––––––––––––––––––––––– ––––––––––––––––––––––––––––––––– 
   (%)    CO C1-C4 C5+ Alc. C2 C2= C3 C3= 
  ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
    none   35    6.1 18   7.7 2.9 3.3 n.d. 5.1 n.d. 
     Li   36    8.2 19   6.5 1.6 3.1 < 0.1 5.5 n.d. 
     Na   42    4.9 17 11 8.3 2.4 0.16 2.6 2.5 
     K   42    4.8 19 11 7.5 2.3 0.72 1.1 3.8 
     Cs   39    6.3 18   8.2 7.0 1.6 1.3 0.88 3.8 
     Ca   34    8.2 19   5.2 1.5 3.2 n.d. 5.0 0.11 
     La   34    9.6 20   3.2 1.5 3.5 < 0.1 5.0 n.d. 
  ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
  Conditions: Fe/Cu=95/5 in atomic ratio. 623 K. 5 MPa. 1 h time-on-stream. n.d.; not detected. 
 
 
Table 3 shows the catalytic activity at 623 K over the Fe-Cu-Cs catalysts supported on the metal oxide. Only 
carbon monoxide was obtained when using SiO2 or MgO, which are typical acidic or basic supports, respectively. In 
spite of the low BET surface area, alumina showed a similar catalytic activity (conversion and product distribution) 
as that without support. Notably, the yield of alcohols was higher than that without support, while the alkene ratios 
in the C2 and C3 products were 0.2 and 0.6, respectively. These results strongly suggest that the acid-base property 
of the catalyst affects the reaction paths and/or the stability of the intermediates in the reaction. 
The XRD analyses were performed for the Fe-Cu catalysts before and after the reaction. The broad peaks 
attributed to Fe2O3 and CuO were observed for the as prepared sample, on the other hand, the sharp peaks of Fe3O4 
and metallic copper were appeared after the reaction (data not shown). The crystalline size of Fe3O4 was estimated 
as 40 nm for all catalysts using the Scherrer’s equation [11] from the peak width at 35.4 degree. 
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Furthermore, the peaks attributed to iron carbides and carbon were observed in the Fe-Cu-M (M=Na, K, and Cs) 
catalysts that showed the high catalytic activity. Since the iron carbides are thought to be the intermediate of the 
hydrogenation of carbon oxides, the results in the present study are consistent with the literature [12]. 
 
 
   Table 3. Catalytic activity of the supported Fe-Cu-Cs catalyst. 
   ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
     CO2  Yield (C-mol%) 
    Support  conv.  ––––––––––––––––––––––––––––––––– 
     (BET*)  (%)  CO C1-C4    C5+   Alc. 
   ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
   none (11)  33  12   17    3.2   1.0 
   SiO2 (184)  19  19     0.1    n.d.   n.d. 
   Al2O3 (8)  34  11   15    4.0   3.5 
   MgO (68)  30  30     0.1    n.d.   n.d. 
   ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
   Conditions: load, 50 wt%. 623 K. 1 MPa. 1 h time-on-stream. n.d.; not detected. 
   *BET surface area (m2 g-1) was measured after the reaction. 
3.2. Effect of space velocity 
Table 4 shows the effect of the space velocity (SV) on the catalytic performance and the alkene formation. The 
yield of carbon monoxide increased despite that the total conversion of carbon dioxide decreased. The C2= and C3= 
selectivities increased with the increase in SV. These observations clearly indicate that the reaction of carbon 
dioxide proceeds via carbon monoxide and also show that the alkanes are formed from corresponding alkenes. 
In the case of high SV conditions, alkenes pass through the catalyst without conversion into alkanes, resulting in 
the restraint of the alkene hydrogenation, and then the carbon homologation of alkenes might be promoted to 
produce higher hydrocarbons. The yield of total hydrocarbons still remained even under the high SV, suggesting that 
the hydrogenation process for carbon monoxide rapidly takes place. 
It should be noted that the alcohol yield seemed to be almost the same regardless of the SV, while the author has 
no satisfactory explanation of this result. 
 
   Table 4. Effect of the flow rate on the catalytic activity of the Fe-Cu-Cs catalyst. 
   ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
    CO2 Yield (C-mol%)  C2=/    C3=/ 
    SV* conv. ––––––––––––––––––––––– (C2+C2=)    (C3+C3=) 
    (%) CO HCs Alc. 
   ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
     600   55 4.0 47 4.3 0.6    0.8 
   1800   44 5.2 35 3.9 0.7    0.8 
   3000   39 6.3 26 7.0 0.8    0.8 
   4500   39 6.2 30 2.9 0.8    0.8 
   6000   35 8.2 23 3.7 0.8    0.9 
   ––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
   Conditions: 623 K. 1 MPa. 1 h time-on-stream. *SV: space velocity (mL g-cat-1 h-1). 
 
3.3. Relationship between electronic effect of the additives and the alkene formation 
The catalytic activity is significantly affected by the nature of the support especially by the acid-base property 
[13]. The acid-base property can be replaced with the electronegativity of cation, denoted as Fi which can be 
calculated from the equation proposed by Tanaka et al. as shown in equation (1) [14]. Z is the charge of the metal 
426   Hisanori Ando /  Energy Procedia  89 ( 2016 )  421 – 427 
ion and F0 is the electronegativity of the neutral atom (Z=0) given by Pauling. The higher Fi value corresponds to the 
higher acidity, and the lower corresponds to the higher basicity. 
 
 
     Fi ==F0              (1) 
 
 
As shown in Figure 2, the alkene ratio evidently increases with the decrease in Fi, that is, an increase in basicity. 
It is considered that the basic nature of the additives at the catalyst surface may induce stronger adsorption of carbon 
monoxide which would not be deeply reduced to alkane, resulting in the higher yield of the alkene. 
XPS analyses were carried out for the Fe-Cu-M catalysts after the reaction. Although the XRD analysis showed 
the presence of Fe3O4, the binding energy of Fe(2p3/2) for the catalysts taken out after the reaction was 710.3-709.9 
eV which is significantly smaller than that for Fe3O4 at 711.0 eV and is rather close to that for FeO (the results are 
not shown here). The significant peak or shoulder attributed to iron carbide or metallic iron was not observed in the 
spectra. As for the sample after the reaction, binding energy for Cu(2p3/2) was almost same as that for metallic 
copper. The peak for O(1s) can be separated into two peaks, one is attributed to iron oxide and the other carbonate 
species. 
According to the XPS analyses, the carbonate species are formed on the samples after the reaction. This strongly 
suggests that the presence of basic sites on the catalyst surface. The electron density of oxygen is expected to be 
high on basic sites, then the basicity strength may correspond to the binding energy of O(1s) for the carbonate 
species. However, no clear relationship was observed between the carbonate species and the catalytic activity. 
 
 
 
Fig. 2. Relationship between the alkene formation and the electronegativity of cation. 
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4. Conclusion 
The catalytic hydrogenation of carbon dioxide over Fe-Cu catalysts was carried out at 623 K under 5 MPa. The 
Cs-impregnated Fe-Cu catalyst showed the best performance for the production of light alkenes (C2= and C3=) under 
the reaction conditions. The clear relationship was observed between the basicity of the additives and the alkene 
content in the product. These findings may contribute to the development of the excellent catalyst for the selective 
alkene production from carbon dioxide and hydrogen. 
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